Sialic acids (Sias) are nonulosonic acid (NulO) sugars prominently displayed on vertebrate cells and occasionally mimicked by bacterial pathogens using homologous biosynthetic pathways. It has been suggested that Sias were an animal innovation and later emerged in pathogens by convergent evolution or horizontal gene transfer. To better illuminate the evolutionary processes underlying the phenomenon of Sia molecular mimicry, we performed phylogenomic analyses of biosynthetic pathways for Sias and related higher sugars derived from 5,7-diamino-3,5,7,9-tetradeoxynon-2-ulosonic acids. Examination of Ϸ1,000 sequenced microbial genomes indicated that such biosynthetic pathways are far more widely distributed than previously realized. Phylogenetic analysis, validated by targeted biochemistry, was used to predict NulO types (i.e., neuraminic, legionaminic, or pseudaminic acids) expressed by various organisms. This approach uncovered previously unreported occurrences of Sia pathways in pathogenic and symbiotic bacteria and identified at least one instance in which a human archaeal symbiont tentatively reported to express Sias in fact expressed the related pseudaminic acid structure. Evaluation of targeted phylogenies and protein domain organization revealed that the ''unique'' Sia biosynthetic pathway of animals was instead a much more ancient innovation. Pathway phylogenies suggest that bacterial pathogens may have acquired Sia expression via adaptation of pathways for legionaminic acid biosynthesis, one of at least 3 evolutionary paths for de novo Sia synthesis. Together, these data indicate that some of the long-standing paradigms in Sia biology should be reconsidered in a wider evolutionary context of the extended family of NulO sugars. legionaminic acid ͉ phylogeny ͉ pseudaminic acid ͉ neuraminic acid ͉ biosynthetic pathway
S
ialic acids (Sias) are displayed in prominent positions on vertebrate cells and are critical for such physiological processes as cellular repulsion, renal filtration, and neuronal plasticity (1, 2) . Many other Sia-dependent functions occur in conjunction with Sia-binding lectins, including down-modulation of complement activity and the regulation of leukocyte activation, migration, and apoptosis (1, 3) . The divergence of the superphyla protostomes and deuterostomes † created a dichotomy in animal Sia expression, and heralded the emergence of widespread Sia-dependent biological functions in deuterostomes. Nearly 5 decades of research have confirmed that with few exceptions, these unique 9-carbon backbone sugars are conspicuously absent from many eukaryotic lineages, including most protostomes, plants, fungi, and protists (1, 4) . Sia decoration by de novo biosynthesis or via metabolic scavenging pathways has been reported in more than a dozen pathogenic bacterial species (5, 6 ) and also was recently described in a human gut-associated methanogenic archaeon (7) . During infection, microbes displaying Sia mimicry can exploit host factor H and/or Siglec-9 to down-regulate alternative complement deposition and neutrophil bactericidal activities (8) (9) (10) (11) .
Sias are 9-carbon backbone derivatives of neuraminic (Neu) and ketodeoxynonulosonic (Kdn) acids. They are actually part of a larger family of carbohydrate structures collectively called nonulosonic acids (NulOs) ‡ . A number of NulO sugars other than Sias have been found in microbes, all of which are derivatives of 4 isomeric 5,7-diamino-3,5,7,9-tetradeoxynon-2-ulosonic acids (12) . At least 2 of these, the D-glycero-d-galacto isomer [legionaminic acid (Leg)] (13, 14) and L-glycero-l-manno isomer [pseudaminic acid (Pse)] (15, 16) , have striking structural and biosynthetic similarities to Sias (Fig. 1 ). These commonalities among NulO pathways reflect the structural similarity of all of the NulO sugars, as well as their uniqueness compared with other monosaccharides. Similar steps in each NulO biosynthetic (NAB) § pathway are catalyzed by homologous enzymes, including the condensation of a 6-carbon sugar intermediate with 3-carbon phosphoenolpyruvate (3C) to generate the 9-carbon backbone NulO sugar, followed by the activation of free NulO residues using cytidine triphosphate to form cytidine monophosphate (CMP)-NulO intermediates (Fig. 1) . In Campylobacter species and other -proteobacteria, Pse modifications play critical roles in f lagellar assembly and, consequently, motility (16, 17) , an important physiological function in aquatic environments and for association with animals. Leg modifications also have been identified on f lagellar subunits, but have less well-defined functions (14, 18, 19) . Both Leg and Pse also have This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. E-mail: allewis@wustl.edu or alvarki@ ucsd.edu. 2 Current address: Washington University School of Medicine, St. Louis, MO 63110. † Protostomes and deuterostomes are bilaterian animals with distinct developmental programs for gut tube formation in which the first opening of the embryo, the blastopore, becomes either the mouth (protostomes, ''mouth first'') or the anus (deuterostomes, ''mouth second''). ‡ There currently is no established nomenclature defining the 9 carbon ␣-keto acids as a group. Following discussions with Hans Kamerling, Roland Schauer, and Nathan Sharon, here we use the abbreviation ''NulO'' for non-2-ulosonic acids, which assumes Nul for non-2-uloses and maintains the discrimination between aldonic acids and uronic acids, such as glucuronic acid. We suggest that the use of the term ''sialic acid'' (Sia) continue to be limited to its original use in describing Neu, Kdn, and their derivatives in deuterostomes and their pathogens, and that NulO be used to encompass the entire group of 9 carbon ␣-keto acids. § NAB pathways have been defined in various bacterial pathogens. Enzymes in each of these pathways have been given different designations, beginning with ''Neu'' for neuraminic, ''Pse'' for pseudaminic, and ''Ptm'' for posttranslational modification (see Fig. 1 for published designations). To avoid confusion, here we use ''NAB'' to refer to homologous steps in these related biosynthetic pathways, numbering the enzymatic steps as shown in Fig. 1 .
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0902431106/DCSupplemental. been identified as part of lipopolysaccharide (LPS) O antigens in some Gram-negative bacteria (12) , where they conceivably could contribute to biofilm formation, resistance to phage predation, or animal associations. Despite the similarities of Leg and Pse to Sias, the potential roles of these sugars in host-pathogen interactions remain poorly defined, and their distribution among microbes has not yet been systematically investigated.
In the present work, we probed the existing paradigms of Sia evolution using genomic, phylogenetic, and biochemical approaches to ask whether Sias were a unique innovation of the deuterostome lineage, whether bacterial mimicry of host Sias was the result of lateral gene transfer from an animal host or convergent evolution from microbial Sia-like biosynthetic pathways, and whether the chemical structure of Sias and related sugars can be predicted from genomic sequence information.
Results and Discussion

''Functional Clustering'' Predicts a Remarkably Wide Distribution of
NulO Sugar Expression Among Bacteria and Archaea. To define the distribution of biosynthetic pathways for NulO sugars in members of bacteria and archaea, nearly 1,000 sequenced microbial genomes ¶ were examined by BLAST for evidence of ''functional clusters'' (20) of NAB pathway genes. Unexpectedly, about 20% of all microbial phylogenetic types (phylotypes) sequenced to date were found to encode NAB pathway cassettes (Fig. 2) .
Many species/subsets, as well as entire phyla in which NulO sugars have never been documented, were found to have NAB enzymes in their genomes, including remarkably large proportions of available Bacteroidetes (36/41), Cyanobacteria (26/39), and ␦-Proteobacteria (16/24), certain pathogenic members of the order Spirochaetales, and nearly 19% of sequenced Archaea (9/48) (Fig. 2) . NAB pathways were identified in a larger fraction of the available genomes in bacterial phyla (divisions) previously known to include Sia-decorated pathogens (i.e., ␥-Proteobacteria, ␤-Proteobacteria, and Firmicutes). Our analysis reveals a far wider distribution of NulOs and a deeper evolutionary history of this class of sugars than originally assumed.
Phylogenetic Prediction of NulO Types Reveals an Evolutionary Con-
text for Sias and Sia-Like Sugars. To better illuminate the evolutionary history of these 9-carbon backbone NulO sugars and predict their distribution and structure, we performed phylogenetic analysis of the most highly conserved enzyme in the pathway (NAB-2) and overlaid this tree with published biochemical data [ Fig. 3A ; summarized with strain and sequence identifiers in supporting information (SI) 
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Neu (Sia) Leg Pse 1). Microbial NAB-2 homologs with published roles in Neu synthesis were identified in multiple clades that are phylogenetically distinct from the clade with animal NAB-2 homologs (Fig.  3A) . Specifically, the analysis revealed 2 groups of bacterial Neu synthases, represented by clades ''a'' and ''c'' (Fig. 3A) , which include sequences from well-known Sia-decorated pathogens (Table 1) . These data point to the existence of at least 3 evolutionarily discrete types of Neu synthases that ultimately share a common ancestor (i.e., semiconvergence). Examination of other NAB pathway enzymes revealed similar phylogenetic signatures, indicating that most microbial NAB pathway cassettes persist as evolutionarily conserved units (Fig. S1 ). These data predict Neu expression in several pathogenic and commensal bacterial species in which NAB biosynthesis has not been characterized previously (Table 1) . Moreover, the data strongly suggest that Neu expression is not limited to microbes that associate with animals, as has been commonly assumed (see the composition of clade ''c'' in Table 1 ). One evolutionary explanation for the emergence of Sia mimicry is represented by highly supported nodes in the NAB-2 and NAB-3 trees showing that clade ''a'' (Neu-specific enzymes encoded exclusively in animal-associated bacteria) shares a common ancestor with clade ''b'' (Leg-specific enzymes encoded mostly by aquatic organisms) (Fig. 3A and Fig. S1 ). Interestingly, the phylogenetic relationship between NAB pathways represented by clades ''a'' and ''b'' do not reflect known evolutionary relationships between organisms represented in these clades. Consistent with the shared ancestry of clades ''a'' and ''b,'' organisms represented in these clades (but not those in clade ''c'') encode acetyltransferases as part of their NAB gene cassettes. Previous studies have indicated that such acetyltransferases are required for overall NulO expression (16, 25, 26) . For example, Campylobacter jejuni (clade ''b'') requires PtmH for N-acetylation at the 7-carbon position of Pse residues (16), whereas Streptococcus agalactiae and Escherichia coli (clade ''a'') use the homologous NeuD enzyme for O-acetylation at the same carbon position of Neu (26) . These data indicate that Neu biosynthetic pathways in clade ''a'' were not acquired by lateral gene transfer from an animal host, but rather the Neu mimicry by organisms represented in clade ''a'' arose by recruitment and modification of an ancestral NulO pathway that requires an acetylation reaction at C7 (Fig. 1) .
NulO Biosynthetic Pathways Originated and Diversified Early in the
History of Cellular Life. Based on the distribution of Sias among animals, it has been suggested that the biosynthetic pathway for this NulO sugar may have been an innovation of the deuterostome lineage (1) . But the NAB-2-based phylogeny (Fig. 3) revealed novel phylogenetic clusters of microbial NAB homologs highly similar to components of animal Sia pathways (clades ''f,'' ''g,'' and possibly ''e''), suggesting that Sia synthesis pathways of animals may have much deeper evolutionary roots. Notably, the branching pattern of the limited number of taxa within these clades is consistent with known evolutionary relationships among these organisms. Targeted phylogenetic trees and protein domain analyses of NAB-1 and NAB-2 pairs encoded in the animal and ''animal-like'' clades further support the deep but firm evolutionary relationship between these biosynthetic pathways (Fig. S2) . A few of the organisms represented in these clades associate in various ways with animals, including the spirochetal zoonotic pathogen Leptospira interrogans and the Actinobacteria Brevibacterium linens and Thermobifida fusca, which that cause body odor and farmers' lung, respectively. All other microbes represented in these clades are environmentally associated, however.
A model of early cellular diversification of NAB pathways (Fig. S3) , including those for Sias, is supported by multiple lines of evidence, including phylogenetic and protein domain comparisons (Fig. 3A and Fig. S2 ), the wide distribution of NAB pathways within members of Bacteria and the considerable diversity of their predicted sugar structures (Figs. 2 and 3B) , and the diverse composition of taxa in the animal-like clades (Table  S1 ). The presence of archaeal NAB sequences in several distinct clades of the phylogenetic tree (Fig. 3A) also supports the conclusion that paralogous gene duplications with divergence of . Note that ''pruned'' tree branches representing diverged NAB-2 enzymes were included in the tabulation of NAB-positive genomes as ''unknown'' NulO type (shown in black) if a nearby NAB-1 homolog was identified. Some individual genomes encode multiple NAB pathways leading to NAB-2 homolog/ genome sampled values of Ͼ1. These data, with strain and sequence identifiers, are summarized in Table S1 .
enzymatic function occurred very early in cellular evolution. We conclude that NAB enzymes, which at first glance appear to be animal-like, should be more accurately considered present-day components of an ancient pathway that was universally adopted by deuterostome animals. The distant sequence relationship between animal and animal-like clades suggests that Sia biosynthesis did not arise by lateral transfer into the animal lineage, but rather that Sia synthesis was likely inherited in the traditional sense, accompanied by multiple gene losses along other eukaryotic lineages (27, 28) .
Chemical Validation of the Phylogenomic/Phyloglycomic Approach.
To provide functional validation of our phylogenomic findings, we present 2 striking examples that illustrate the utility of a phylogenetic approach for predicting chemical structure and inferring the evolutionary history of this class of monosaccharides.
Photobacterium profundum Strains Encode Phylogenetically Distinct
NAB Enzymes and Biochemically Distinct NulO Sugars. The phylogenetic data predict that 2 otherwise closely related strains of Photobacterium profundum (3TCK and SS9) encode biosynthetic pathways for distinct NulO sugar structures (Fig. 3) . We tested this prediction using a well-validated approach for Sia structure identification. Leg and Pse acid standards were isolated from purified LPS preparations (29, 30) and, after f luorescent derivatization with 1,2-diamino-4,5-methylene dioxybenzene (DMB) (26) , they eluted at distinct HPLC retention times (Fig. 4A and B) . Tandem mass spectrometry confirmed the expected masses of these eluted Leg and Pse standards, showing that the DMB-HPLC approach can be effectively applied to the broader class of NulO sugars. In another experiment, P. profundum SS9 and 3TCK strains were grown under optimized conditions, and mild acid hydrolysis was used to release NulO sugars. NulO sugars isolated from P. profundum genome strains 3TCK and SS9 exhibited the expected retention times and masses of Leg and Pse standards based on the phylogenetic prediction ( Fig. 4C and D) .
Methanobrevibacter smithii: A Case of Mistaken Identity. The published genome sequence of the principal human gut-associated methanogen, Methanobrevibacter smithii, contains a gene cluster originally annotated to encode a Sia (Neu) biosynthesis pathway. This archaeon has a prominent capsule when grown in vitro, and previous biochemical assays plus lectin-binding immunohistochemical studies suggested that NulO sugars, presumably Neu5Ac, are expressed by the cultured-type strain (7) . Further analyses using custom M. smithii GeneChips (see Materials and Methods) revealed that this gene cluster was present in 7/7 M. smithii isolates examined, and that expression of these genes is differentially regulated in vitro (Fig. S4) .
Here we show that the amino acid sequence of M. smithii NAB-2 clusters is within clade ''d,'' and thus is predicted to synthesize Pse rather than Neu acids (Fig. 3A) . To test this hypothesis, we first compared the retention times and masses of DMB-derivatized ␣-keto acid standards Neu and Pse using reverse-phase HPLC with tandem mass spectrometry, and found that Neu and Pse have similar but distinct retention times and can be discriminated on the basis of mass-to-charge (m/z) ratio ( Fig. 5A and B) . Parallel preparation and analysis of M. smithii NulO sugars in parallel with Neu and Pse standards clearly demonstrated a retention time and mass consistent with Pse expression (Fig. 5C ). This finding again validates the phylogenetic approach to predicting NulO structure, and emphasizes that available methods for Sia detection can be successfully expanded to consider the larger family of NulO sugars.
Prospectus. In summary, our results provide insight into the evolutionary history of Sias by considering them in the larger phylogenetic context of related NulO sugars. We emphasize that the surprisingly wide distribution of NAB pathways among the 3 domains of life (Bacteria, Archaea, and Eukarya) is a reflection of many interwoven evolutionary processes, including gene duplications with functional divergence, gene loss, lateral gene transfer, and more specific adaptations of biosynthetic pathways. Clearly, much remains to be done to understand the biology and evolution of these remarkably common and diverse carbohydrate molecules found at the surfaces of contact between many bacteria and their external environments. These findings serve as a proof of principle for the utility of a phylogenomic/ phyloglycomic approach to predicting NulO sugar types and strongly suggest that the expression of Sias and Sia-like sugars by bacteria may be advantageous in a wide range of animal body habitats. Determining the advantages of Sia mimicry in these different host contexts, as well as identifying those factors contributing to lateral dissemination of Sia gene cassettes (i.e., functional clusters) and their incorporation into various LPS or capsular polysaccharide biosynthetic pathways, are important areas for further investigation. These studies should provide a path for future investigation concerning the contributions of Sias and related sugars to the survival and persistence of microbes in both host and environmental reservoirs, as well as in disease pathogenesis.
Materials and Methods
Identification of Physically Clustered NAB Genes. BLASTp, on the ''BLAST with microbial genomes'' webpage at the National Center for Biotechnology Institute (NCBI) website (www.ncbi.nlm.nih.gov/sutils/genomtable.cgi), was used to query 960 complete microbial genomes. Multiple NAB-1 and NAB-2 amino acid sequences were used for genomic query, with an emphasis on NAB enzymes of defined function or those encoded in organisms known to express specific NulO structures. Incomplete genomes also were queried using the nonredundant protein database and were included in the data set if deemed NAB-positive. Accession numbers for homologous NAB sequences were cataloged according to the NCBI taxonomic classification and examined for ''functional clustering'' (20) of NAB-1 and NAB-2 enzymes, as judged by proximal accession numbers. NAB-1 homologs were validated by phylogenetic analysis, and ''contaminating'' CMP-Kdo synthetases were removed; these distant NAB-1 homologs were not found in functional clusters with NAB-2 homologs. Note that Kdo is an 8-carbon ␣-keto acid that follows a similar biosynthetic pathway involving condensation of a 5-carbon sugar with phosphoenolpyruvate, followed by activation to CMP-Kdo (1). Results of the genomic profiling were compiled, and the proportion of genomes with one or more physical clusters of NAB-1 and NAB-2 genes was expressed as a function of total genomes surveyed in the different microbial taxa (Fig. 2) .
NAB-2 Phylogeny for Prediction of NulO Sugar Types.
Amino acid sequence comparisons indicated that NAB-2 sequences are better conserved than other NAB enzymes and form the most conclusive basis for prediction of specific NulO sugars in different organisms. NAB-2 amino acid sequences were collected using BLASTp at the NCBI nonredundant protein database and aligned using ClustalQt (Fig. S5) (31) . Nexus files from the alignment were uploaded into PAUP* 4.0b10 (32) for exclusion of gaps and domains not found in all sequences, followed by construction of a neighbor-joining tree using the bootstrap/jackknife option with 1,000 replicates. Less-conserved sequences were apparent from visual inspection of the alignment and clustering of branches in a star shape at the base of the phylogenetic tree. Such branches were ''pruned'' from the tree in successive analyses to reveal significant monophyletic clades and improve aspects of the alignment that could better resolve sequence relationships between different clades. Analysis of the same alignment based on parsimony produced a nearly identical phylogenetic pattern as that from the distance-based approach. NulO types were predicted from extrapolations of published biochemical data (1, 12-16, 22-24, 33-35) to other members of clades supported by high bootstrap values (shown in Fig.  3A) . To determine the distribution of NulO types among different microbial phylotypes, the percentages of NAB-2 clade affiliations ( Fig. 3A -G) were calculated and expressed as a function of the number of genomes surveyed in each NCBI-classified taxonomic group (Fig. 3B) . ''Pruned'' tree branches representing diverged NAB-2 enzymes were included in the tabulation of NABpositive genomes as ''unknown'' NulO type (shown in black in Fig. 3B ) if a nearby NAB-1 homolog was identified. Note that many individual genomes encode multiple NAB pathways (e.g., -Proteobacteria, Bacteroidetes; see Table S1 ), sometimes leading to a ratio of NAB-2 homologs:genomes sampled of Ͼ1 in Fig. 3B .
Strains and Culture Conditions. The 2 strains of Photobacterium profundum with complete genome sequences are close phylogenetic relatives but are adapted to different aquatic ecosystems (36) . P. profundum SS9 is a piezophilic (pressure-loving) strain that grows optimally under low-temperature, highpressure conditions. In contrast, P. profundum 3TCK is adapted to an aquatic niche much closer to the surface. High-pressure growth of SS9 was performed anaerobically at 16°C in 2216 medium (Difco) supplemented with 20 mM glucose and 100 mM Hepes buffer (pH 7.5) (Sigma). Late-exponential phase cultures were diluted 500-fold into fresh medium and used to fill 4.5-mL polyethylene transfer pipettes (Samco). Transfer pipettes were heat-sealed with a hand-held heat-sealing clamp (Nalge) and incubated at 30 MPa in a stainless steel pressure vessel (37) . 3TCK was cultivated in the same media but incubated at room temperature without shaking. Three strains of M. smithii were obtained from the DSMZ culture collection (2374, 2375, and 11975), 4 strains were isolated from a single human fecal sample by selective culturing, and the sequenced-type strain (PS) was obtained from ATCC. M. smithii was grown in supplemented MBC medium under anaerobic conditions for 6 days at 37°C as described previously (7) .
GeneChip-Based Studies of M. smithii. Genomic DNA was prepared and hybridized to a custom Affymetrix GeneChip containing probesets that recognize 99% of its 1,795 predicted protein coding genes. Similarly, RNA isolated under different in vitro growth conditions was hybridized to GeneChips as described previously (See SI Text) (7) .
Chemical Analysis of NulO Acids. M. smithii and P. profundum were harvested from cultures by centrifugation and washed twice with PBS. NulO residues were released from cells or purified LPS samples containing Leg (29) or Pse (30) acids by mild acid hydrolysis, and low molecular weight fractions were sub- jected to derivatization with DMB, followed by HPLC analysis and liquid chromatography-mass spectrometry (LCMS) as described previously (see SI Text) (38) .
